Counting and manipulating single electrons using a carbon nanotube transistor 
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We report on the electric measurements of an individual Au nanoparticle with an ultra-high 
contact resistance of about W^^fi. The high-impedance measurements have been carried out by 
counting the electrons that are transferred onto the particle. In order to do this, a carbon nanotube 
is used as the electrode for the supply of electrons but also as the detector of the charge transfer. 
Measurements using single-electron detection allow us to determine the separation between the 
electron states in the Au nanoparticle, which is about 4 meV, consistent with the charging energy of 
the particle. Single-electron detection with nanotubes offers great promise for the study of electron 
transfer in highly resistive molecular systems. 

PACS numbers: 73.63.Fg, 73.23.Hk, 73.40.Cg, 73.43.Fj 




Detection and manipulation of individual electron 
charges are among the ultimate goals of nanoscale elec- 
tronics. It holds promise for ultra-low dissipative circuits 
as well as for information processing in highly-resistive 
molecular circuits. Carbon nanotube transistors P, Q 
offer unique opportunities for single-electron detection. 
Nanotubes have ultra-small cross-sections and their con- 
ducting electrons are located at the tube surface. These 
advantages have been exploited for the sensing of chemi- 
cal gas [l, U and biological probes 0, @] . Nanotubes have 
also been used to detect packets of multiple electrons 
transferred from the nanotube onto a particle, though 
the precise number of electrons in the packet could not be 
measured . Single-electron detection has been resolved 
for electrons hoppin g on to defects randomly trapped in 
the substrate [1, Bill [HI, [11. These single-electron 
processes remain however poorly controlled. Different 
defects can be probed in parallel, which makes it difficult 
to assign different electron states to a same defect. As 
a result, electron properties of such devices can only be 
partially characterized. 

In this letter, we demonstrate for the first time single- 
electron detection on a nanosystem that is not a defect 
@,i[ll[Il[ll, namely a gold nanoparticle. This well- 
defined device allows for the access of dozens of electron 
states of the particle, but also for the full electron charac- 
terization of the device. In contrast with previous works 
[3, [1, M, [13, [O, [11 , we can determine the energy sepa- 
ration between the electron states, which is found to be 
~ 4 meV, consistent with the charging energy of the par- 
ticle. We can also determine the resistance between the 
particle and the nanotube, which is about 10^^ and 
results in a transfer rate as low as ~ 0.001 s^^. Such a 
low transfer rate, together with the well-defined device, 
allow us to inject and extract different electrons from the 
particle in out-of-equilibrium conditions, and to monitor 
the electron number decay in time. 

Carbon nanotube transistors are fabricated by means 
of standard nanofabrication techniques. Tubes are grown 
by chemical vapor deposition [l^ on a doped Si wafer 
with a 1 fim thermal silicon oxide layer. They are 
electrically contacted to Cr/Au electrodes patterned by 
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FIG. 1: (color online) Device geometry, (a) Atomic force 
microscopy image of a Au nanoparticle placed on top of a 
SWNT, which is contacted by 2 metal electrodes. The sepa- 
ration between the metal electrodes is 600 nm. (b) Schematic 
of the measurement setup. The tube conductance is always 
measured with eVso < kT. (c-f) Schematics of the poten- 
tials in the nanotube and the particle as the gate potential is 
swept down. Each time an empty energy level of the particle 
matches the electrochemical potential of the tube, an elec- 
tron is transferred onto the particle, which is detected by the 
nanotube transistor. 



electron-beam lithography. Gold nanoparticles are de- 
posited onto the wafer from a suspension in water that 
consists of gold chloride and trisodium citrate. A ~ 
30 nm diameter particle is positioned on top of the tube 
by atomic force microscopy manipulation (Fig. 1 (a,b)). 

The transfer of electrons onto the particle can be de- 
tected by measuring the conductance Gtube of the nan- 
otube while sweeping the gate voltage Vq (Fig. 2(a)), as 
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FIG. 2: (color online) Detection of single electrons, (a) Tube 
conductance as the gate voltage Va is swept from -4 to -1 V. 
Vertical red bars indicate conductance jumps. The recording 
time was 50 minutes, (b) Tube conductance as a function of 
Vg- Each color corresponds to a different scan. The sweep 
rate of Vg is the same for the different scans. The magenta 
curve is shown for Vg between -2.9 and -2.55 V. 



the tube conductance is extremely sensitive to the pres- 
ence of electric charges. As Vq is swept from -4 to -1 V, 
the conductance is turned off as for typical p-doped semi- 
conducting SWNTs P, i]. Moreover, we have observed 
35 abrupt conductance jumps (vertical red bars) that in- 
dicate discrete electron transfers from the nanotube into 
the particle. Each extra electron in the particle changes 
the electrostatic potential in the particle and, in turn, 
the charge density ptube in the nanotube, which shifts 
the conductance Gtube oc Ptube horizontally in Vq- 

As the measurement is repeated, conductance jumps 
appear at different gate voltages, see Fig. 2(b). This 
indicates that electron transfers occur stochastically in 
time; see also below. Remarkably, repeated measure- 
ments fall on curves that are periodically spaced in gate 
voltage with a period of about V^^^* =60 mV. The same 
spacing is observed at all the Vg's from the on- to the 
ofF-conductance (from -4 to -1 V; see Fig. 2(a)). This 
periodicity suggests that adjacent curves differ by one 
electron in the Au particle, and, in turn, that the ob- 
served jumps correspond to transfers of single electrons. 
Measurements on a second device yield a period of about 
40 mV. 

Measurements on devices without an Au particle look 



very different. Most often, no conductance jumps are 
observed at all. For some devices, jumps can be detected, 
but their number remains very low, and no period in gate 
voltage can be assigned. Those jumps are attributed to 
uncontrolled charge traps at defects. 

The mechanism that controls electron transfer onto 
the particle has a lot in common with what happens 
in a single electron transistor [31 ■ Adding an elec- 
tron to the particle costs the Coulomb charging energy 
Ec = /{C tube- An + Cau- gate) (represented by a gap in 
Fig. 1(c)). By reducing the gate potential Eq oc — cVg, 
the potential of the Au particle Eau goes down according 
to Kirchhoff's laws (Fig. 1(d)). This is described by the 
first term in 

Eau = ^^^^^ Eg + EcN (1) 

^ Au — gate ~r ^tube—Au 

When the tube's electrochemical potential matches the 
upper energy of the Coulomb gap in the particle (Fig. 
1(e)), an electron can be transferred from the tube onto 
the particle, and the electron number N in the particle 
is increased by one. This shifts Eau by the amount Ec 
(Fig. 1(f)), which blocks the transfer of the next electron. 
In contrast to previous single electron transistors (T^ , the 
transfer rate is slow enough to prevent the last electron 
from tunnelling out from the particle by continuously 
sweeping down the gate potential. 

We will now look at the time dependence of the elec- 
tron transfers. For this purpose, the gate voltage is set at 
a fixed value while measuring the tube conductance. Fig. 
3. At 50 K, the tube conductance fluctuates between 
two values on a time scale of several hundred seconds. 
We attribute the two level fluctuations to an electron go- 
ing back and forth into the Au particle due to thermal 
excitation, and thus changing the number of electrons 
between N and TV -I- 1. As the temperature is increased 
to 150 K, the tube conductance fluctuates between three 
levels, i.e. between N, N+1, and N + 2 (Fig. 3(b)). The 
mechanism is schematized in the insets of Fig. 3. 

The fluctuations of N due to thermal excitation pro- 
vide information on the energy separation Ec between 
electron states of the Au particle. The two level fluc- 
tuations at 50 K suggest that Ec is about kT, i.e. 
~ 4 meV (see inset of Fig. 3(a)). Taking £'c ^ 50 K 
gives Ctube-Au + CAu-gate ~ 38aF, which is reasonable 
when considering that the self-capacitance of a sphere 
ATTErSorAu = 7 aF with = 4 and tau = 15 nm has the 
same order of magnitude. 

We will now exploit the low rate of the charge trans- 
fer in order to manipulate the number of electrons on 
the particle in out-of-equilibrium conditions. In order 
to do this, the gate voltage is rapidly swept to change 
the potential of the Au particle, which positions differ- 
ent empty (occupied) electron levels of the Au particle 
below (above) the Fermi energy (schematic of Fig. 4(a)). 
The number of empty levels depends on the amplitude 
of the gate voltage sweep. Measuring the tube conduc- 
tance versus time allows us to monitor the decay towards 
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FIG. 3: (color online) Fluctuations of the electron number 
due to thermal excitation, (a) Tube conductance as a func- 
tion of time at 50 K for Vg = —1.35 V. (b) Tube conductance 
as a function of time at 150 K for Vg = —1.2 V. The conduc- 
tance experiences two levels at 50 K and three levels at 150 K. 
Note that an extra level can appear at some other Vg's. We 
attribute the extra level at 50 K to the electrochemical poten- 
tial of the tube that matches the center of the Coulomb gap. 
The number of observed levels is on average 2.01 at 50 K and 
3.1 at 150 K. The insets show the energy levels in the tube 
and in the An particle for different numbers N of electrons. 
The thermal energy is shown in red. 



equilibrium of the electron system (Fig. 4(a)). As dis- 
cussed previously, each conductance jump corresponds to 
the transfer of one electron. 

The transfer rate changes as the temperature varies 
(Fig. 4(b)). The average time for the 3 jumps in Fig. 
4(a) is shown to increase dramatically as the tempera- 
ture is reduced. This suggests that the transfer is not a 
simple tunnel effect, but that transferred electrons may 
interact with phonons or other electrons. In principle, 
such transfer rate measurements can allow us to distin- 
guish between thermally activated and Luttinger liquid- 
like (power law dependence) behaviours of electrons in 
the nanotube [l^ [H, [l^ • The origin of the temperature 
dependence, however, is beyond the scope of this paper 
and will be left for further studies. 

The measurements above allow us to estimate the elec- 
tron resistance R between the Au particle and the nan- 
otube. The average jump time r is 
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FIG. 4; (color online) Manipulation of single electrons, (a) 
Tube conductance as a function of time after having rapidly 
increased the gate voltage by 0.4 V from -1.6 to -1.2 V. This 
results in the reduction of the potential in the particle as 
shown in the inset. The energy levels in the particle corre- 
spond to different numbers A'' of electrons. Note that the 
conductance height differs for the three jumps, which is at- 
tributed to the variation of the slope of Gtube{VG)- (b) Aver- 
age time of the first, second, and third jumps as a function of 
temperature. The standard error is shown for the first jump. 



This relation can be seen as the resistance given by the 
voltage e/Ctube-Au divided by the current e/r. Since 
Ctube-Au ~ e'^/Ec, we get R « 10^^ at 50 K when 
T « 200 s. Such a resistance is six orders of magnitude 
higher than what conventional electronics can cover. The 
resistance may originate from a gap of a few nm's be- 
tween the tube and the particle or from adsorbate layers 
at the tube-particle interface. This resistance could not 
be measured in previous single-electron detection exper- 
iments with nanotubes 0, i, i, E, El, El • 

The device can be further characterized by consider- 
ing the electric circuit in Fig. 1(b). This circuit has been 
analyzed for silicon single electron memory using a small 
floating gate, which represents the ultimate miniaturiza- 
tion of a flash memory [O, In this model, the con- 
ductance jumps in Fig. 2(a) are on average separated by 
^y^ump ^j^g adjacent curves in Fig. 2(b) by AVq'^^-^^ 
with 
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By taking the mean value for 



shift 



85 mV, 

60 mV, and E^c - 4 meV, we get CAu-gate = 
1.8 aF, Ctube-Au ~ 30 aF, and Ctube-gate ~ 1 aF. 
Those values are reasonable considering the device geom- 
etry. Indeed, CAu-gate can be roughly estimated by half 
the capacitance between two concentric spheres, which 
is 2TTerSo{l/rAu — l/h)^^ ~ 3 aF with h being the ox- 
ide thickness. Ctube-gate is cxpcctcd to be slightly less 
than half the capacitance between two coaxial cylinders, 
which is 7TerSoL/ln{h/rtube) — 9 aF with L being the 
tube length. 

The capacitance CAu-gate quantifies the coupling be- 



tween the Au particle and the gate. CAu- 



gate ; 



which 



is 1.8 aF, is remarkably large when considering that the 
gate is 1 ^m away from the Au particle. Compared to 
previous experiments on Au particles directly contacted 
to metal electrodes, the same coupling can be achieved 
provided that the separation between the gate and the 
Au particle is reduced to 2-3 nm [l^, [23| . This is because 
most of the electric field in the latter case is screened 
by the metal electrodes. Overall, our device layout en- 
ables an efficient coupling, which allows access to a broad 
range of energy levels by sweeping the gate voltage. This 
is especially interesting for future studies on organic and 
biological molecules, since the large energy separation be- 
tween the levels has often limited access to only one level 

We will now compare our work to other existing single- 
electron detectors, which are devices microfabricated in 
metal or semiconduct ing material working at millikclvin 
temperatures [H [H, [IE HE HI ■ The operation temper- 



ature (up to 150 K) of nanotube detectors is much higher. 
In addition, nanotubes are suitable for electron detection 
on systems that are physically different from the detec- 
tor itself, such as molecules or nanoparticles. In contrast, 
microfabricated single-electron detectors so far have only 
probed systems structured in the same semiconducting 
or metal material than the detector. Moreover, these de- 
tectors are much larger in size, which is unpractical for 
addressing molecules. 

In conclusion, single-electron detection with a nan- 
otube transistor has been used to electrically probe a 
gold nanoparticle with an ultra-high contact resistance 
of about 10^^ fl. This is remarkable, since such a resis- 
tance is six orders of magnitude higher than what conven- 
tional electronics can cover. We have shown how single- 
electron detection with nanotubes can be used to extract 
important information about the Au particle, such as the 
energy separation between the electron states. Single- 
electron counting with nanotubes offers great promise 
for future studies on organic molecules, biomolecules, or 
semiconducting particles, which most often are highly re- 
sistive. Interestingly, electron states of those systems are 
expected to depend not only on the charging energy, but 
also on the molecular levels. Single-electron photoelec- 
tric effects can also be investigated, for instance, in CdSe 
particles [11] as well as charge transfer in biomolecules 
involved in photosynthesis and respiration activities [29| . 
This technique may also provide information on inter- 
nal electron transfer events that occur within complex 
molecular systems. 
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